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Abstract 
Thermoelectric (TE) materials have received widespread attention since the discovery of 
their heat-electricity conversion capability, which provides a promising solution for today’s 
energy crisis and global warming. The dimensionless figure of merit, ZT, quantifies the 
efficiency of TE materials, and it is a key topic in current TE field.1 To achieve the complete 
evolution from traditional energy to TE energy, the ZT value requires continuous 
improvement by further research. 
This thesis project aims to: (1) provide a comprehensive summary of bismuth telluride 
(Bi2Te3)-related studies to cover relevant theories, applications, and challenges; (2) propose 
an effective methodology for enhancing the ZT value of Bi2Te3; (3) experimentally 
demonstrate the feasibility of the proposed methodology by sample characterisation and TE 
measurement. By the end of the literature summary, it is found that: 
i. Bi2Te3 is now the most commonly used TE material for commercial applications;
ii. However, the TE efficiency of Bi2Te3 (ZT ~ 1.0) at room temperature is still
unsatisfactory, and its generalizability is also constrained by its relatively poor TE
performance at elevated temperature;
iii. There are two well-established performance enhancement approaches in the current
research: doping and nanostructuring.
In view of the benefits of doping and nanostructuring, it is proposed that nanostructured 
ternary systems constructed by combing doping with nanostructuring will possess superior TE 
performance. As a result, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 nanoplates have been fabricated by 
solvothermal synthesis and spark plasma sintering in this project to demonstrate the 
effectiveness of the proposed methodology. The results of sample characterisation and TE 
measurement have shown that: 
i. The as-fabricated nanoplates are super-thin hexagonal (less than 100 nm), and they
possess refined grains and improved microstructures.
ii. Due to the combined action of doping and nanostructuring, both power factor and
thermal conductivity have been significantly optimized in the as-fabricated samples.
iii. The maximum ZT value achieved is approximately 1.46 in Bi0.5Sb1.5Te3 nanoplates
at 320 K, which almost doubles the ZT of the as-fabricated Bi2Te3.
These results have proved that nanostructured ternary systems are TE materials with great 
performance potential. The integration of doping and nanostructuring is assuredly beneficial 
to the ZT of Bi2Te3. Besides Bi2Te3, the relevance of this proposed methodology could be 
extended to enhance TE performance for all types of TE materials. 
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1. Introduction
1.1. Background 
Alternative energy has been a topic of great concern due to its capability of meeting 
existing challenges regarding world energy consumption. From 2013 to 2016, world oil 
demand has increased drastically from 90.58 to 97.89 million barrels per day, and it is 
forecasted that this demand will exceed the level of world oil supply in 2017.2 On the other 
hand, high carbon dioxide (CO2) emission from oil combustion remains as the leading cause 
for global warming, which has stimulated the pursuit of so-called “clean energy”. In view of 
the risk of energy shortages and the demand for eco-friendly energy sources, the exploration 
of pollute-free and sustainable power generation approaches is in urgent need. Among current 
discussions of alternative energy, TE energy has attracted intensive attention because of its 
high potential for practical application. 
In the 19th century, Thomas Johann Seebeck reported the first observation of TE power 
generation, when he found that an electrical current was generated in the circuit composed of 
two dissimilar metals under a temperature gradient.3 The fundamental principle behind this 
phenomenon was then named after Seebeck as “Seebeck effect”.4 Soon afterwards Jean 
Charles Athanase Peltier defined Peltier effect, which could be regarded as a reversed form of 
Seebeck effect.5 William Thomson then further developed Seebeck effect and Peltier effect in 
1851 and came up with Thomson effect, which reflected the simultaneous presence of the two 
effects in one homogenous wire.4 Until then, the preliminary framework of TE field was 
finally established. Based on this framework, TE power generation and refrigeration 
technology has been continuously studied and developed throughout the last two decades, 
during which the main attempt is to enhance the performance of TE materials.  
The performance of TE materials is determined by the transfer efficiency between heat and 
electricity, and it is characterized by the dimensionless figure of merit, ZT.6 Since the early 
1950s, remarkable progress of the ZT value has been achieved among a variety of TE 
materials (Fig. 1(c)). It is noticeable that Bi2Te3 and Bi2Te3-based alloys have the best TE 
performance within temperature range from 300 K to 500 K (Fig. 1(a) and Fig. 1(b)). Their 
ZT values have been stuck at around 1.0 for a long period, as shown in Fig. 1(c). It was not 
until recent 20 years that breakthroughs were made in the field of thermoelectrics, during 
which nanostructuring significantly improved the TE properties of the Bi2Te3 family.7 
2 
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Nanostructured Bi2Te3-based TE materials in the form of nanocomposites or superlattices are 
proved to possess higher ZT than their bulk materials, which has inspired great interest in the 
integration of thermoelectrics and nanotechnology.  
Figure 1. a, b) Relationship between ZT and temperature for typical n-type (a) and p-type (b) 
TE materials.8 (c) Progress of the maximum ZT for typical TE materials from 1950 to 2010.9 
Up to now, it is found that large power factor and low thermal conductivity are the two 
main preconditions for good TE materials.9 Given TE properties are highly interrelated, the 
design of high-performance TE materials normally involves with a number of compromises. 
The current research has been devoted to decoupling and optimizing those interrelated TE 
properties. According to Goldsmid,1 Bi2Te3 and Bi2Te3-based alloys are the most common 
commercial materials for TE refrigeration and power generation. Therefore, the study of 
Bi2Te3-based thermoelectrics has significant practical implications, and it is also the primary 
goal of this thesis project. 
1.2. Objectives 
The main objective of this thesis project is to summarize current TE theories, 
methodologies, and challenges, as well as to offer insights for the fabrication of 
high-performance Bi2Te3-based TE materials. A well-structured literature review will be 
presented in the first part of the final report, which will serve as the theoretical basis for the 
experiments conducted in the second part. The detailed objectives of this thesis project are 
listed as follows: 
i. To understand and review fundamentals and challenges for optimizing TE
parameters of Bi2Te3-based materials.
3 
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a. To understand and review the structure and properties of Bi2Te3.
b. To understand and review major approaches carried out to apply theories and
enhance TE performance.
c. To understand and review major fabrication and preparation methods used to
produce high-performance Bi2Te3-based TE materials.
d. To summarize the research progress of Bi2Te3-based TE materials, and highlight
obstacles as well as unsolved issues in the current TE research.
ii. To find out an effective methodology of designing high-performance Bi2Te3-based
TE materials.
iii. To experimentally validate the methodology summarized from the literature review.
a. To fabricate nanostructured Bi2Te3-based ternary systems by using appropriate
methods.
b. To characterise the as-synthesized sample by SEM (scanning electron
microscopy), TEM (transmission electron microscopy) and HRTEM
(high-resolution transmission electron microscopy).
c. To analyse the TE performance of the as-synthesized sample.
1.3. Project Timeline 
This thesis project has continued for two standard semesters, starting from semester 1 of 
year 2017 and finishing in semester 2 of year 2017. The major task for the first semester is to 
establish theoretical understanding of the thesis topic. For semester 2, the main task is to carry 
out experiments and analyse results so that the final report can be completed. The detailed 
timeline and millstones are illustrated in Fig. 2. 
Figure 2. Project timeline with tasks and millstones illustrated. 
4 
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1.4. Final Report Outline 
Chapter 1: Introduction 
This chapter acquaints readers with background knowledge related to the thesis topic, and 
introduces the three expected outcomes as well as the project management plan to achieve 
those outcomes. The significance of studying TE materials and their research progress are 
briefly demonstrated. The underlying motivation for choosing Bi2Te3 as the target research 
material is clearly highlighted. In addition, the three main objectives of this thesis project are 
further subdivided into sub-goals. A project timeline and a final report outline are also 
provided to give readers a general overview of the project and the final report.  
Chapter 2: Literature Review 
This chapter covers every fundamental aspect of designing high-performance Bi2Te3-based 
TE materials, including TE theories, ZT maximization principles and approaches, structural 
and characteristic analysis of Bi2Te3, as well as its preparation techniques. In addition, the 
literature review is interpenetrated with the author’s inspections of current Bi2Te3-related 
research and challenges. All the fundamentals demonstrated in this chapter are critical to the 
understanding of the experimental results in Chapter 4. What is more, this chapter puts 
forward the performance enhancement methodology that will be used in the experiments and 
explains the rationale behind that methodology. 
Chapter 3: Experimental 
This chapter clearly demonstrates the operational issues before, during, and after the 
experiments. Lab inductions and risk assessments for the experiments are summarized, and a 
step-by-step experimental process is also provided. In this chapter, readers can learn about 
how to fabricate doped nanomaterials by solvothermal synthesis and spark plasma sintering. 
Chapter 4: Results and Discussion 
This chapter contains the thorough examinations of SEM, TEM, and HRTEM images of 
the as-fabricated samples, as well as the in-depth analysis of their TE performances. The 
experimental results are justified by the fundamentals discussed in Chapter 2, and are also 
compared with previous research for comparability and dissimilarity. The TE parameters are 
evaluated accordingly, followed by the overall TE performance analysis of the as-fabricated 
samples.  
Chapter 5: Conclusion and Recommendation 
The most important outcome of the thesis project is highlighted in this chapter. Readers 
will be aware of the key conclusions demonstrated by the experimental results, and whether 
the goals identified at the beginning are sufficiently realized. The inadequacy of the thesis 
project is also discussed, with corresponding remedies recommended.  
5 
ENGG7281 Engineering Project 8A      Final Report 
2. Literature Review
This chapter will provide a comprehensive review of current research regarding 
Bi2Te3-based thermoelectrics. The structure of the literature review is organised as follows. 
Firstly, TE effects and TE devices will be clearly demonstrated. Secondly, the dimensionless 
figure of merit, ZT, will be explained in detail, followed by a discussion about the theories 
that can be utilized to design high-performance TE materials. Thirdly, the structure and 
properties of the target material, Bi2Te3, will be examined. Then, improvement approaches as 
well as preparation methods for Bi2Te3-based TE materials will be introduced accordingly. At 
last, a chapter summary will be provided to highlight key conclusions. In this literature review, 
a thorough understanding of thermoelectrics can be obtained from a theoretical perspective.  
2.1. Thermoelectric Effect and Thermoelectric Device 
The fundamental framework of thermoelectrics is built up on TE effects, which represent 
the bidirectional conversion between heat and electricity.3 Three recognized TE effects, 
namely Seebeck effect, Peltier effect, and Thomson effect, serve as the origin of all TE 
findings and applications. The following sections will demonstrate the three TE effects and 
discuss their applications in TE devices. 
2.1.1. Seebeck effect 
Seebeck effect occurs when there is a difference of temperature in the closed circuit.10 
Schematic illustrations of Seebeck effect are shown in Fig. 3, where two different materials x 
and y are electrically connected to form a thermocouple circuit. 
In Fig. 3(a), junction A is heated while junction B is under room temperature. As the result 
of the temperature difference between two junctions, an electrical potential V is detected at 
the point of measurement. The underlying mechanism of V’s presence is further explained by 
Fig. 3(b). Because Th is larger than Tc, charge carriers (electrons for metals) tend to flow from 
junction A to junction B. The occurrence of V is to provide resistance for this electron 
diffusion. Therefore, in the case of Seebeck effect, a transition from heat to electricity can be 
observed. 
When a circuit is affected by Seebeck effect, the generated electrical potential can be 
calculated by a function of Seebeck coefficient, S: 
𝑆𝑆 = −∆V
∆T
= −𝑉𝑉ℎ𝑜𝑜𝑜𝑜−𝑉𝑉𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
𝑇𝑇ℎ𝑜𝑜𝑜𝑜−𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐
 (1)
6 
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where S is Seebeck coefficient (V/K), ΔV is the generated thermoelectric voltage (V), and ΔT 
is the temperature gradient (K).11  
Figure 3. (a) Seebeck effect in a thermocouple circuit.11 (b) Mechanism of electrical potential 
generated by Seebeck effect.12 
Seebeck coefficient is a dominating variable in the design of TE materials, because it has a 
direct and strong correlation with the dimensionless figure of merit, ZT, which will be 
discussed later. For high-performance Bi2Te3-based TE materials, large S appears near room 
temperature, which partially explains why they have superior performance at 300 K to 500 K. 
2.1.2. Peltier effect 
Similar to Seebeck effect, Peltier effect also deals with heat-electricity conversion. 
However, it is a completely reversed form of Seebeck effect.4 As can be seen from Fig. 4(a), 
an electrified thermocouple consists of material x and y is influenced by Peltier effect. Heat is 
dissipated at junction A while absorbed at junction B, leading to distinct temperatures at the 
two junctions. Figure 4(b) presents Fig. 4(a) in a more simplified format, showing the key 
factors involved in the Peltier effect. The Peltier heat q is given by： 
𝑞𝑞 = �𝛱𝛱𝑦𝑦 − 𝛱𝛱𝑥𝑥�𝐼𝐼𝐼𝐼 (2) 
where Πy and Πx are the Peltier coefficients for material y and x, respectively, I is the current 
flowing in the circuit, and t is the time duration of the current flow.11 
Besides Peltier coefficient, current flow, and time duration, it is important to note that the 
direction of the current flow is also a key influential variable. By altering the current direction 
in Fig. 4, the heat absorption and generation conditions will be exchanged between junction A 
and junction B. 
7 
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Figure 4. a b) Peltier effect in a thermocouple circuit (a)11 and its simplified schematic 
diagram (b)12.  
The relevance between Peltier effect and TE materials consists of two aspects. On the one 
hand, Peltier effect reveals the fundamental principle of TE refrigeration using TE materials. 
On the other hand, Peltier coefficient is directly influenced by S, making it a critical parameter 
in TE design. 
2.1.3. Thomson effect 
Thomson effect is the advancement of Seebeck effect and Peltier effect. In simple term, it 
covers all the ideas of Seebeck effect and Peltier effect, and applies them to a single type of 
conductor.3 Due to the temperature-dependent feature of TE materials, the current passing 
through the conductor will either release or captivate energy when the material is affected by 
nonuniform temperature, as shown in Fig. 5. 
Thomson effect is determined by Thomson coefficient, τ, which manifests the 
proportionality of absorbed/released heat to the temperature gradient and the given current.13 
The mathematical representation of τ is then given by: 
τ = 1
𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝑇𝑇
(3) 
where dq is the absorbed/discharged Thomson heat, dT is the temperature gradient and i is the 
electric current.11 Same as Π, τ also has an immediate effect on S. Thus, Π, τ and S are highly 
dependent on each other and closely interrelated. 
8 
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Figure 5. a b) Schematic illustrations of Thomson effect on macroscopic level (a) and 
microscopic level (b).12 
2.1.4. Thermoelectric generator and cooler 
Regardless of their various compositions, all TE materials can be divided into two 
categories: n-type and p-type. The criterion is based on the charge carrier concentration: 
n-type materials have electron as the majority carrier, while for p-type the majority carrier is
hole.14 In service, n-type and p-type TE materials are utilized simultaneously to design TE
devices, including thermoelectric generator (TEG) for power generation and thermoelectric
cooler (TEC) for refrigeration.
Figure 6(a) and 6(b) show the two common modes in current TE applications. Power 
generation mode and refrigeration mode are the thorough implementations of Seebeck effect 
and Peltier effect, respectively. By connecting a series of thermocouples, a thermopile can be 
set up to either generate electricity or conduct cooling, as illustrated in Fig. 6(c). 
In TE devices, n-type and p-type TE materials are always installed in pairs, as this is the 
prerequisite for Seebeck effect and Peltier effect. As a result, the performance of a TE device 
hinges on the efficiencies of both TE branches. Over the years, one of the major limitations in 
TE applications is that the average ZT of thermocouples are highly restricted by the efficiency 
of n-type legs, which have been found to possess relatively low ZT. In academic research, 
thermoelements are usually examined separately unless the TE legs have completely distinct 
characteristics.1 
9 
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Figure 6. a b) Operational mechanisms of thermocouples for refrigeration (a) and power 
generation (b).15 (c) A conceptual graph of thermopile.15 
2.2. Dimensionless Figure of Merit, ZT 
As highlighted in Chapter 1, TE materials have the capability of achieving heat-electricity 
conversion. The efficiency of this conversion has always been the core subject in the field of 
thermoelectrics. The introduction of the dimensionless figure of merit, ZT, has quantified that 
conversion efficiency, allowing for the systematic research of TE materials. The higher the ZT 
value of the material, the better its TE performance will be. 
The dimensionless figure of merit, ZT, can be defined in a generic form: 
𝑍𝑍𝑍𝑍 = 𝑆𝑆2𝜎𝜎𝑇𝑇
𝜅𝜅
 (4) 
where σ is the electrical conductivity, κ is the thermal conductivity, and T is the absolute 
temperature.16 
In equation (4), the value of S2σ is essential for TE performances, and it is called the 
“power factor”. To maximize ZT, S2σ should be as high as possible. The thermal conductivity 
κ can be defined by lattice thermal conductivity (κL) and electronic thermal conductivity (κe). 
Equation (4) is then expanded into: 
𝑍𝑍𝑍𝑍 = 𝑆𝑆2𝑇𝑇(𝜅𝜅𝐿𝐿+𝜅𝜅𝑒𝑒)𝜌𝜌 (5) 
where ρ is the electrical resistivity in the form of 1/σ.16 
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What is more, carrier concentration (n) and carrier mobility (µ) can be substituted into 
equation (4), and the following expression can be obtained: 
𝑍𝑍𝑍𝑍 = 𝑒𝑒𝑍𝑍(𝑆𝑆2𝑛𝑛)(𝜇𝜇
𝜅𝜅
) (6) 
where e is the carrier charge.17 According to equation (5) and (6), it is evident that high S, 
high n, high µ, low κL and low κe are particularly favourable for high-performance TE 
materials. Revolving around the optimization of each individual TE parameter, current TE 
studies have developed considerable amount of enhancement strategies. However, as these 
parameters keep interacting with each other, appropriate compromises must be made in most 
cases.8 
The first compromise refers to the optimization of S2σ, because S and σ are both related to n 
by: 
𝜎𝜎 = 𝑛𝑛𝑒𝑒𝑛𝑛 (7) 
𝑆𝑆 = 8𝜋𝜋2𝑘𝑘𝐵𝐵2
3𝑒𝑒ℎ2
𝑚𝑚∗𝑍𝑍( 𝜋𝜋
3𝑛𝑛
)2 3⁄  (8) 
where m* is the effective mass.18 When σ is raised by higher n, S is reduced due to its 
negative relationship with n. This means that there will always be a critical S2σ, apart from 
which no ZT is larger than the ZT at this point, as shown in Fig. 7. 
Figure 7. Relationships of carrier concentration with Seebeck coefficient, electrical 
conductivity, power factor and ZT.8 
The second compromise occurs between m* and µ. According to equation (8), m* has a 
positive association with S. However, a large m* may be detrimental to µ, thereby decreasing 
σ. The effective mass and the carrier mobility can be decoupled by designing complex and 
anisotropic crystal structure. 
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Another major compromise involves the trade-off between µ and κL. While the reduction of 
κL is normally achieved by introducing various phonon scattering centres,8 µ may be 
adversely influenced due to the obstruction of charge carriers by those centres. Therefore, 
good ZT enhancement methodologies should be capable of deteriorating phonon transport 
while still retaining the electrical properties of the material. 
In general, the main objective of designing high-performance TE materials is to maximise 
the dimensionless figure of merit, ZT. On the one hand, effective approaches should be 
developed to improve each individual parameter. On the other hand, it is vital that those 
parameters are optimized synergistically.  
2.3. ZT Optimization Theories 
In terms of parameter optimization, the dimensionless figure of merit ZT quantified by 
equation (4) can roughly be divided into two parts: power factor (PF) and thermal 
conductivity, in which PF can be further split into S and σ. The enhancement of S2σ and the 
suppression of κ have both been achieved in the Bi2Te3 family, although greater advancements 
are obtained in the latter. Regardless of the intentions behind the improvement approaches, 
they are all guided by the concept of “phonon-glass electron-crystal” (PGEC). 
2.3.1. “Phonon-glass electron-crystal” concept 
The idea of PGEC concept can be seen from its name. Among a variety of materials, it is 
known that the lowest κ exists in amorphous materials such as glass.19 However, glass is also 
a well-known insulator as it cannot conduct electricity. On the contrary, crystalline solids with 
relatively high κ are capable of transferring electrons. Therefore, an assumption that combines 
the low κ of glass and the high σ of crystalline solids in one single material has been put 
forward. This is how the concept of PGEC is established, and it now functions as a protocol 
for designing high-performance TE materials. Currently, many PGEC TE materials have been 
reported, such as CoSb3 skutterudite and β-Zn4Sb3.9 And it seems that no such progress has 
been achieved in the Bi2Te3 family. However, it is always helpful to follow the concept of 
PGEC when developing high-performance Bi2Te3-based TE materials.  
2.3.2. Enhancing electrical conductivity (σ) 
Electrical conductivity describes the material’s ability to transfer electrons. According to 
equation (7), larger n and larger µ are beneficial to σ. Large n is typically achieved by high 
level of doping, and increasing n is one of the most common strategies for maximizing σ. The 
carrier mobility µ can be defined by: 
𝑛𝑛 = 𝑒𝑒𝑒𝑒/𝑚𝑚∗ (9)
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where τ is the relaxation time of electrons.8 Thus, the maximization of µ can be achieved 
through decreasing m* or increasing τ. The theories for enhancing τ originate from the electron 
scattering mechanism. In the electron scattering mechanism, the total rate of scattering is 
determined by the combined action of all scattering interactions, and it is given by:  
𝑒𝑒−1 =  𝑒𝑒1−1 + 𝑒𝑒2−1 + 𝑒𝑒3−1 + ⋯+ 𝑒𝑒𝑖𝑖−1 (10) 
where τi-1 stands for the scattering rate for interaction i.8 According to equation (10), it can be 
expected that τ will be maximized if the scattering rate of each individual scattering 
interaction is minimized. Therefore, one of the key ideas for increasing µ is to suppress the 
electron scattering by scattering centres in the material lattice, such as ionized impurities, 
phonons, or grain boundaries.  
2.3.3. Enhancing Seebeck coefficient (S) 
The Seebeck coefficient is an important indicator of the material’s conduction type. The 
positive sign in S indicates p-type conduction, where holes are the majority carriers. The 
negative sign indicates n-type conduction, where electrons are the majority carriers.10 To 
obtain a large S, the effect of the minority carriers should be sufficiently controlled. Therefore, 
n-type or p-type semiconductors with high level of doping normally have superior S. In the
twentieth century, quantum confinement effect has been proved to improve S as well. Until
now, there are mainly three effective S enhancement mechanisms.
The first mechanism is by band engineering, in which band flattening and convergence are 
the main approaches. The Seebeck coefficient can be expressed as a function of the total 
electronic density-of-states (DOS), g(E), by: S = 𝜋𝜋2𝑘𝑘𝐵𝐵2
3𝑒𝑒
�
1
𝑔𝑔(𝐸𝐸) 𝑑𝑑𝑔𝑔(𝐸𝐸)𝑑𝑑𝐸𝐸 + 1𝜏𝜏(𝐸𝐸) 𝑑𝑑𝜏𝜏(𝐸𝐸)𝑑𝑑𝐸𝐸 + 2𝑣𝑣(𝐸𝐸) 𝑑𝑑𝑣𝑣(𝐸𝐸)𝑑𝑑𝐸𝐸 ��𝐸𝐸=𝐸𝐸𝑓𝑓 (11) 
where τ(E) is charge carriers’ momentum relaxation time.20 And g(E) can be further expanded 
into:  g(E) = 𝑁𝑁𝑣𝑣
𝑔𝑔𝐷𝐷𝑎𝑎3−𝐷𝐷
(2𝑚𝑚𝑐𝑐
ℎ2
)𝐷𝐷 2⁄ (𝐸𝐸 − 𝐸𝐸0)(𝐷𝐷 2)−1⁄  (12) 
where Nv represents band degeneracy and md represents DOS effective mass.20 Then, the DOS 
effective mass can be expressed as: 
𝑚𝑚𝑑𝑑
∗ = 𝑁𝑁𝑣𝑣2 3⁄ 𝑚𝑚𝑏𝑏∗ (13) 
where mb* is the single band effective mass.8 According to equations (11), (12) and (13), it 
can be seen that large S requires a large DOS effective mass, which is positively related with 
Nv and mb*. As a result, increasing Nv by band convergence or increasing mb* by band 
flattening will result in the enhancement of S. 
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Electron energy filtering is another strategy for improving S. It is evident from equation (11) 
that large difference between E and Ef is desired for high S. This difference (E - Ef) is called 
“mean excess energy”, which can be increased by isolating the low-energy charge carriers.20 
As shown in Fig. 8(a), an energetic barrier is introduced into the target material and 
preferentially let through the high-energy charge carriers, leading to the enhancement of S. 
But it is also important to note that µ could be negatively influenced by this mechanism. 
Figure 8. a b) Seebeck coefficient enhancement mechanisms: electron energy filtering (a) and 
resonance levels (b).20 
The third Seebeck coefficient enhancement mechanism is the resonance levels (RLs) 
mechanism, which is illustrated in Fig. 8(b). The underlying reason is that RLs can raise the 
peak value of the DOS effective mass.20 As discussed before, large DOS effective mass 
means large S. 
2.3.4. Suppressing thermal conductivity (κ) 
Current research has achieved much more accomplishments in decreasing κ than increasing 
S2σ. This is probably due to the difficulty in balancing S and σ, as discussed in Section 2.2. 
Based on equation (5), κ is constituted by κL and κe. Because the electronic component is 
usually beyond control, κL is more of a concern in ZT enhancement. The main strategy 
nowadays focuses on transport mechanisms of the heat carriers in crystal lattice, phonons, 
including phonon-phonon scattering, point-defect phonon scattering, boundary-phonon 
scattering, electron-phonon scattering, and so on. Scattering centres that impede the transport 
of phonons will reduce the thermal conductivities of phonons, and thereby decrease κL of the 
material. Figure 9 demonstrates multiple scattering centres on different scales that are used in 
κL reduction. Scattering centres for each scale target phonons with specific frequencies, and 
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the minimum κL is guaranteed by constructing a structure that allows the scattering of 
phonons at all frequencies. 
On the atomic scale, point defects and rattling fillers are induced to suppress the transport 
of high-frequency phonons. For the Bi2Te3 family, its intrinsic anti-site defects and vacancies 
perform as natural scattering centres for phonons. Thus, the performance of the Bi2Te3 family 
can be improved by either introducing new point defects or manipulating the intrinsic point 
defects. However, these κL suppression strategies may deteriorate the transport of charge 
carriers simultaneously and decrease σ. As for rattling fillers, the most common example 
occurs in PGEC materials, such as filled skutterudite.  
Figure 9. Scattering centres used in κL reduction.8 
On the nano and sub-micro scale, precipitates, grain boundaries, and dislocations are the 
main scattering centres for phonons with medium-to-low frequency. While the major problem 
with atomic scattering centres is that they may also become obstacles to the charge carriers, 
nanoscale and sub-micro scale scattering centres can hinder the propagation of phonons 
without disturbing the transport of charge carriers. It has been found that doping of 
nanostructures, such as nanoinclusions, can effectively reduce κL. As for boundary scattering, 
increased grain boundaries will lead to more intensive boundary-phonon interactions at low 
temperature, which suppresses the value of κL. At elevated temperature, reduction of κL 
caused by high level of atomic disorder can also be found in the material with increased grain 
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boundaries. In addition, dislocations that are deliberately induced by different processing 
methods are ideal scattering centres for medium-frequency phonons. 
Electron-phonon interaction is a scattering mechanism that affects both σ and κL. When 
phonons propagate across the lattice, electrons will be scattered because their energy bands 
are perturbed. In turn, electrons will also result in some interferences to the transport of 
phonons. The significance of electron-phonon interaction in reducing κL is not noticed until 
some of the recent research findings 9,21 have been reported. 
Over the years, the overall performance of the Bi2Te3 family has been improved by 
optimizing its PF as well its κ. A considerable number of state-of-art Bi2Te3-based TE 
materials have been fabricated based on established theories. An organised review of these 
materials can be found in the following sections. 
2.4. Bi2Te3: Structures and Properties 
2.4.1. Crystal structure and electronic band structure 
Bi2Te3 as the material for TE refrigeration can be traced back to 60 years ago.22 Since then, 
Bi2Te3 and its alloys have become one of the most common TE materials for low temperature 
application. The crystal structure and electronic band structure of Bi2Te3 have significant 
impacts on its TE properties. 
Bi2Te3 has a rhombohedral and layer-by-layer crystal structure, which is represented 
hexagonally in Fig. 10(a). The structure can be regarded as a stack of repeating layers along 
the vertical axis. The repeating layer is known as quintuple layer, which is highlighted in red 
frames in Fig. 10(a) and Fig. 10(c). The atom layer sequence in the quintuple layer is fixed, 
and it is arranged as: -Te1-Bi1-Te2-Bi1-Te1-. The bond lengths of Bi-Te2, Bi-Te1 and Te1-Te1 
are 3.22 Å, 3.42 Å and 3.57 Å, respectively.23 At room temperature, lattice parameters a and c 
of the unit cell are 4.38 Å and 30.48 Å, respectively.24 
The crystal structure of Bi2Te3 is held by two different types of chemical forces. For 
interlayer linkage, van der Waals forces are there to bind Te1 with the Te1 in adjacent 
quintuple layer. Due to the nature of van der Waals force, the interlayer linkage is quite weak. 
Therefore, Bi2Te3 can be easily broken along the a-b plane. On the other hand, the intralayer 
connection between individual atom layers is dominated by covalent bonds, leading to a 
robust structure within the quintuple layers. 
Thermoelectric properties of Bi2Te3 are not only affected by its crystal structure, but also by 
its electronic band structure. It is found that the highest valence band and the lowest 
conduction band of Bi2Te3 both have multiple valleys, as shown in Fig. 11. At room 
temperature, the energy bandgap of Bi2Te3 is approximately 0.15 eV.24 
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The characteristics of Bi2Te3 discussed above, including its rhombohedral and layered 
crystal structure, its weak interlayer linkage and strong intralayer linkage, and its narrow 
bandgap near room temperature, all contribute to its flexibility and tunability in TE 
applications. 
Figure 10. a b c) Crystal structure of Bi2Te3 (Te1 in yellow sphere, Te2 in pink sphere and Bi1 
in blue sphere).9 (a) Three-dimensional crystal structure of Bi2Te3. (b) Vertical view along c 
axis. (c) Atom sequence in quintuple layer.  
Figure 11. Electronic band structure of Bi2Te3.25 
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2.4.2. Anisotropy 
As the result of its anisotropic structure, the mechanical, thermal and electrical properties of 
Bi2Te3 along the vertical direction and along the horizontal plane are widely different. In 
terms of mechanical properties, it is not surprising that Bi2Te3 is more durable along the c-axis 
than along the direction perpendicular to the c-axis, given that covalent bonds are much 
stronger interactions than van der Waals forces, as discussed in Section 2.4.1. What is more, 
the thermal conductivity of Bi2Te3 along the c-axis is only half of its thermal conductivity 
along the a-b plane.26 Similarly, the electrical conductivity of Bi2Te3 along the c-axis (σc) is 
also smaller than that along the a-b plane (σa). The ratio between σc and σa varies according to 
the classification (n-type and p-type) of the material as well as the induced dopants, as shown 
in Fig. 12.  
Figure 12. Plot of σa/σc against σa for n-type and p-type Bi2Te3-based single crystals at 300 
K.10
2.4.3. Anti-site defects 
Besides its highly anisotropic structure, the intrinsic defects in Bi2Te3 also play an 
important role in modelling its TE parameters. At high temperature, Te tends to evaporate 
before Bi does, leading to the formation of vacancies at evaporated Te sites. The reaction is 
given by: TeTe = VTe2+ + Te + 2𝑒𝑒− (14) 
where VTe is the formed vacancy due to Te evaporation. What is more, the interchange 
between Te and Bi is also found to be frequent because they have very similar 
electronegativity. The occupation of Te at Bi site as well as its inverse phenomenon can be 
represented by: 
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Te + BiBi = TeBi+ + Bi + 𝑒𝑒− (15) Bi + TeTe = BiTe− + Te + ℎ+ (16) 
where TeBi is the substitution of Bi with Te, and BiTe is the substitution of Te with Bi.27 TeBi 
and BiTe are the most common types of point defects in Bi2Te3, known as anti-site defects. 
Along with the vacancies due to Te evaporation, it can be seen from equations (14), (15) and 
(16) that these intrinsic point defects can increase n by donating holes or electrons. In view of
this, some of the performance enhancement approaches are dedicated to manipulating the
intrinsic point defects in Bi2Te3.
2.4.4. Bipolar effect 
Another notable property of Bi2Te3 is induced by the conduction of minority carriers. In 
n-type and p-type semiconductors, minority carriers and majority carriers have opposite signs,
which restrains the value of S. What is more, an undesirable rise of κ can be caused by
minority carriers through bipolar effect. Within low temperature range (under 300 K), the
effect of minority carriers in Bi2Te3 exists but remains small. Under this condition, it is
appropriate to assume that κ is independent of temperature, because the impact of temperature
on κL appears to be balanced out by the variation in κe.1 Experiments have been conducted by
Goldsmid to prove that σ of Bi2Te3 below 300 K also remains nearly constant.1 According to
equation (4), when S, σ and κ are constants, S2σ/κ is also a constant. Therefore, it can be
estimated that the ZT value of Bi2Te3 has a linear correlation with the temperature T below
300 K.
As the temperature increases, the effect of minority carrier conduction can no longer be 
omitted. Bipolar effect becomes rather intense at high temperature, which partially explains 
why ZT is inversely related to T after a particular point. In view of this, approaches that 
deteriorate the conduction of minority carriers will allow TE materials to function efficiently 
within a much wider temperature range.  
2.4.5. N-type and p-type Bi2Te3-based TE materials 
Based on the unique properties of Bi2Te3 mentioned in the previous sections, a considerable 
amount of research has been conducted to enhance its ZT. Some of the achievements have 
been summarized in Table 1. According to this table, Figure 13 has been plotted to compare 
the TE parameters of n-type branches and p-type branches. In general, S, S2σ and ZT values of 
n-type TE materials are lower than those of the p-type TE materials, while their κ are
comparable, which indicates that the overall performance of n-type legs is worse than that of
the p-type legs, as discussed in Section 2.1.4.
19 
ENGG7281 Engineering Project 8A      Final Report 
Table 1. Thermoelectric parameters of Bi2Te3-based TE materials from previous research. 
Material Type |S| 
(10-4V
k-1)
σ 
(10-4S
m-1)
S2σ 
(10-4Wm-1
k-2)
κ (κL) 
(Wm-1k-1) 
ZT T 
(K) 
Ref 
Bi2Te3 
Bi2Te3
(nanostructured 
bulk material) 
n 1.59 12.26 31.00 1.11 1.18 423 28
1.38 11.03 21.00 0.95 0.94 
Bi2Te3
(nanocomposite) 
n 1.48 18.13 39.71 1.06 1.18 315 29
Bi2Te3 
(monolith) 
n 1.40 8.18 16.04 1.10 0.70 480 30
Bi2Te3
(nanoplate) 
n 1.53 2.98 6.98 0.45 0.62 400 31
Bi2Te3 
(nanostructured 
bulk material) 
n 1.20 19.00 27.18 0.84 1.10 340 7
Bi2Te3
(nanostructured 
bulk material) 
p 2.11 11.00 48.97 1.09 1.35 300 32
Bi2Te3-based TE materials (bulk material) 
Bi0.5Sb1.5Te3 p 0.84 30.00 21.40 300 33
Bi2(Te0.75Se0.25)3 n 2.30 8.95 47.35 1.65 0.86 300 34
Bi2Se0.36Te2.64 n 2.30 5.40 28.00 0.70 1.20 300 35
Bi2Te2.73Se0.27 n 1.65 13.09 35.63 1.19 1.03 344 36
Bi1.9In0.1Te3 n 1.26 10.63 16.88 1.00 0.65 385 37
Bi2Te3-based TE materials (nanostructuring) 
Bi2Te3/Sb2Te3
(superlattice) 
p (0.22) 2.40 300 38
BiSbTe p 2.12 8.35 37.53 1.00 1.40 373 39
Bi0.52Sb1.48Te3 p 2.26 6.80 34.84 0.67 1.56 300 17
Bi0.4Sb1.6Te3 p 2.23 7.56 37.59 0.66 1.80 316 40
(Bi0.25Sb0.75)2Te3 p 1.74 9.05 27.39 1.03 1.13 425 41
Bi2(Se0.4Te0.6)3 n 2.01 3.90 15.77 0.78 0.93 460 42
Bi0.45Sb1.55Te3 p 2.72 3.50 25.93 0.40 1.75 270 43
2.75 3.08 23.33 0.41 (0.19) 1.65 290 
Bi0.5Sb1.5Te3 p 2.05 6.02 25.31 0.75 1.35 400 44
Bi0.48Sb1.52Te3 p 2.30 3.56 18.84 0.49 1.50 390 45
(BiSb)2Te3 p 2.71 3.99 29.30 0.83 1.14 323 46
Bi0.4Sb1.6Te3 p 2.38 8.99 50.95 1.50 1.25 368 47
Bi2Te2.7Se0.3 n 1.91 5.72 20.85 1.05 0.84 423 48
Bi0.5Sb1.5Te3 p 2.30 5.83 30.86 0.86 1.22 340 49
Bi0.5Sb1.5Te3 p 2.18 15.90 75.56 1.30 (0.33) 1.86 320 50
Bi0.5Sb1.5Te3 p 2.62 3.83 26.29 1.16 0.85 375 51
(Bi0.5Sb0.5)2Te3 p 1.25 3.90 6.09 0.71 (0.41) 0.30 350 52
Bi0.5Sb1.5Te3/Cu p 1.75 8.70 26.64 0.92 1.08 373 53
Bi2Te2.42Se0.58 n 1.20 3.31 4.77 0.55 0.26 300 27
Bi2Te2.7Se0.3 n 1.98 4.77 18.71 0.73 1.23 480 54
Bi2Te2.85Se0.15 n 2.52 4.10 26.00 0.96 0.88 323 55
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Bi0.5Sb1.5Te3 p 2.67 4.35 30.95 0.98 1.02 323 56
Figure 13. a b c d) Comparison of thermal conductivity (a), absolute Seebeck coefficient (b), 
power factor (c), and dimensionless figure of merit ZT (d) between n-type legs (red circle) and 
p-type legs (blue triangle). References for these data can be found in Table 1.
2.5. Performance Enhancement Approaches 
Over the past few decades, ZT enhancement approaches have gradually come to mature. 
Some of the research are keen to create new TE materials with complex structure, while the 
others focus on supplementing and improving existing TE theories. Both of the research 
directions have seen remarkable progress of the ZT value. As for the Bi2Te3 family, its ZT 
value has been elevated from around 1.0 to the value far more than 1.0. The most 
well-established approaches for the Bi2Te3 family includes doping, alloying, and 
nanostructuring. 
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2.5.1. Doping and alloying 
Doping, as a traditional approach in the TE field, is able to manipulate TE properties by 
introducing foreign elements into the target material. Appropriate doping can ensure either 
n-type or p-type conduction to secure relatively high S. Meanwhile, the induced dopants will
obstruct the transmission of phonons, thus reducing κL. Although sometimes they also disturb
the mobility of charge carriers, the impact can be compensated by the decrease of κL if
dopants are properly selected. Similar to doping, alloying is an effective way of improving TE
performance as well. But alloying elements are in much higher concentration, and they
usually add new properties to the material. What is more, research has found that the inherent
anti-site defects and vacancies in Bi2Te3 can be controlled by point defect engineering,
through which its ZT value can be optimized without sacrificing electrical properties.
Therefore, the construction of Bi2Te3-based ternary systems by doping, alloying and point
defect engineering is one of the most widely applied methods for maximizing ZT.
One major type of conventional dopants for the Bi2Te3 family is antimony (Sb). The 
obtained ternary system is usually expressed in the form of Bi2-xSbxTe3, which is a 
representative of p-type TE materials. In Bi2-xSbxTe3, Bi vacancies are filled with Sb, and TE 
properties vary with the increasing Sb doping level. Guo et al. examined the variation in 
electrical properties of the ternary system caused by different levels of Sb doping.33 It was 
found that n initially increased with the rising Sb content and optimized at x = 1.5 under room 
temperature. Since S decreased at the same time, S2σ generally showed an increasing trend 
and finally reached the peak value of 21.4 x 10-4 Wm-1K, as shown in Fig. 14(a). Pan et al. 
then studied Bi1.5Sb0.5Te3 further and managed to reduce its κ by enhancing grain-boundary 
phonon scattering.51 A recent research by Seo et al. achieved a significant enhancement of S2σ 
by 17.73%, compared to the value obtained in Pan et al.’s study.56 Another Bi2Te3-based 
ternary product, p-type (Bi, Sb)2Te3, was shown to be suitable for higher-temperature 
application.46 However, the subsequent research found that this improvement was mainly due 
to the manipulation of anti-site defects in Bi2Te3 by unexpected Fe doping rather than Sb 
doping. What was more, it was noticeable that remarkable suppression of κ was achieved by 
Xie et al..17 The κ of the low-dimensional Bi0.52Sb0.48Te3 fabricated by them was 29.47% 
lower than that of the Bi2Te3 obtained by Zhao et al.28. 
Another common dopant for the Bi2Te3 family is selenium (Se), which is frequently found 
in n-type Bi2Te3-based TE materials. The composition of the Bi-Te-Se ternary system 
normally appears as Bi2Te3-xSex, in which Te vacancies are filled with Se. In general, 
Bi2Te3-xSex has relatively high S2σ and low κ among n-type TE materials due to the Se doping. 
Keawprak et al. proved the impacts of Se content on the TE parameters of Bi2Te3-xSex.35 
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According to their results, increasing Se leaded to the loss of σ. On the other hand, the 
concentration of minority carriers reduced with more Se, which suppressed κe. The Seebeck 
coefficient was found to remain almost constant. The best ZT obtained by Keawprak et al. was 
1.20 at room temperature when x = 0.36, meaning that adding small amount of Se would be 
beneficial to TE performance, as shown in Fig. 14(b).35 These findings were subsequently 
refined by Guo et al. 36 and Cai et al. 48. Cai et al. compared the TE properties of Bi2Te3-xSex 
with various doping levels (from x = 0 to x = 0.3), and explained the effect of Se doping in 
more detail.48 They discovered that σ reached its peak value at x = 0.21 (323 K). From x = 
0.12 to x = 0.21, S slightly decreased while κ decreased drastically. Their results confirmed 
that TE performance of Bi2Te3-xSex could be enhanced by appropriate level of Se doping. 
Figure 14. a b c d) Effect of doping on TE parameters. (a) Effect of Sb doping on PF.33 (b) 
Effect of Se doping on σ.35 (c) Effect of In doping on ZT.37 (d) Effect of Cu doping on ZT.53 
Besides Sb and Se, the doping of some other elements, such as indium (In) and copper (Cu), 
is also likely to improve the TE properties of Bi2Te3. Guo et al. studied the variation of TE 
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parameters caused by different In doping levels.37 In their research, it was found that σ of the 
sample increased as the In doping level raised from 1 at% to 2 at%, then it dropped as the 
doping level increased from 2 at% to 4 at%. A significant reduction of κ occurred due to In 
doping and eventually optimized at 2 at% of In. Their experiment proved that appropriate 
level of In doping could enhance TE performance, and ZTmax was achieved at the doping level 
of 2 at%, as shown in Fig. 14(c). Huang et al. demonstrated the effectiveness of Cu doping on 
performance enhancement.53 Significant improvements of both κ and σ due to Cu doping were 
reported by them, and the ZT value of the Cu-doped sample was approximately 80% higher 
than that of the undoped sample, as shown in Fig. 14(d).  
Many of the novel dopants have been found to be highly unstable, which confines their 
effectiveness on ZT enhancement. Nevertheless, doped Bi2Te3-based TE materials still have 
higher ZT than binary Bi2Te3. Thus, the construction of ternary systems by introducing proper 
elements into Bi2Te3 has great potential for advancing its TE performance. Doping is the first 
prevailing approach summarized from the previous research.  
2.5.2. Nanostructuring 
In the middle of twentieth century, the development of high-performance TE materials had 
come to a standstill until Hicks and Dresselhaus reported the possibility of enhancing ZT by 
quantum confinement effect.57 Since then, nanostructuring has been brought to the forefront 
in the field of thermoelectrics. Nanostructuring of TE materials is able to benefit the 
dimensionless figure of merit ZT in two ways. Firstly, S and σ can be decoupled more 
effectively because of the quantum confinement effect, thus solving the dilemma in 
maximizing S2σ. Secondly, nanostructuring can selectively optimize TE parameters by taking 
advantage of the different mean free paths of electrons and phonons in degenerated 
semiconductors.8 Therefore, ideal nanostructured TE materials typically possess large S2σ 
(Fig. 15(a)) and low κ (Fig. 15(b)). 
Nanostructuring allows Bi2Te3 to have higher ZT while still maintaining its bulk form. 
Saleemi et al. demonstrated the fabrication process and the TE properties of n-type Bi2Te3 
nanopowders.7 The relatively small grain size in the nanopowder ensured intensive 
grain-boundary phonon scattering, leading to a low κ of 0.84 Wm-1K-1. In the same year, Son 
et al. synthesized n-type Bi2Te3 nanoplates with thickness less than 1 nm.31 The high interface 
density in the nanoplate enhanced S by filtering out low-energy electrons. What was more, the 
increased grain boundaries in the nanoplate significantly reduced κ to 0.45 Wm-1K-1, which 
was almost half of the κ value derived by Zhao et al.28. Son et al. also recommended that 
appropriate doping of Bi2Te3 nanostructured materials would optimize their TE performances 
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further.31 This recommendation reaffirmed the importance of doping discussed in Section 
2.5.1. 
Figure 15. (a) Enhancement of PF by nanostructuring.44 (b) Suppression of κ by 
nanostructuring.26 
The optimization of κ and S2σ can be achieved in Bi2Te3-based 2D superlattices as well as 
Bi2Te3-based nanocomposites. The p-type Bi2Te3/Sb2Te3 superlattice fabricated by Rama et al. 
followed the concept of PGEC and manipulated electron and phonon transport mechanisms, 
boosting ZT to 2.40 at room temperature.38 There were also attempts to enhance ZT by 
introducing nanoinclusions into Bi2Te3. Fan et al. synthesized n-type Bi2Te3 nanocomposites 
and examined the effect of nanoinclusions on TE properties of Bi2Te3.29 It was found that 
nanoinclusions generated microstructures in the matrix of Bi2Te3, resulting in more drastic 
boundary scattering of phonons. The n-type Bi2Te3 nanocomposites had a relatively large PF 
of 39.71 x 10-4 Wm-1K and a high ZT of 1.18. In addition, dislocations at grain boundaries 
were proved to influence TE parameters as well. Kim et al. investigated the impact of 
dislocations generated by a series of fabrication methods on the performance of p-type 
Bi0.5Sb1.5Te3.50 As a result of the intentionally induced dislocations, the PF and ZT value of 
p-type Bi0.5Sb1.5Te3 reached remarkably high levels of 75.56 x 10-4 Wm-1K and 1.86,
respectively.
In view of its benefits, nanostructuring is undoubtedly the second prevailing performance 
enhancement approach in the current TE research. Modern technology tends to improve the 
ZT value of Bi2Te3-based TE materials by integrating doping or alloying with nanostructuring, 
because it is unlikely for nanostructuring to achieve the optimum results on its own. Existing 
nanostructured Bi2Te3-based materials are mainly in the form of low-dimensional structures 
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(1D or 2D) or nanocomposites. While the others are expensive to produce and hard to be 
scaled up, nanocomposites are relatively cheap and more suitable for wide applications. Thus, 
it is reasonable to infer that doped Bi2Te3-based nanocomposites will have the greatest value. 
Figure 16 summarizes the TE parameters of binary Bi2Te3 and nanostructured Bi2Te3-based 
ternary systems from some major TE studies. It can be seen that nanostructured ternary 
systems typically possess lower κ (Fig. 16(a)), higher S (Fig. 16(b)), and comparable PF (Fig. 
16(c)) compared to binary Bi2Te3, leading to their enhanced overall ZT, as shown in Fig.16(d). 
Therefore, nanostructuring combined with doping to form nanostructured ternary systems is a 
research direction with great promise. Combining the two prevailing approaches can ensure 
less material flaws and more effective decoupling of TE parameters. 
Figure 16. a b c d) Comparison of thermal conductivity (a), absolute Seebeck coefficient (b), 
power factor (c), and dimensionless figure of merit ZT (d) between binary Bi2Te3 (red circle) 
and Bi2Te3-based ternary nanocomposites (blue triangle). Detailed data can be found in Table 
1.
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2.6. Preparation Methods for Bi2Te3-Based TE Materials 
Preparation methods for Bi2Te3-based TE materials can be roughly divided into two 
categories: fabrication method and treatment method. Each category also contains a variety of 
techniques, which facilitate the practical application of TE materials. The initial products are 
normally synthesized by solution-based or vapour-based fabrication methods, followed by 
densification methods such as spark plasma sintering (SPS) to form bulk pellets and 
sometimes other treatment techniques to further enhance the TE performance. In order to 
determine the best techniques for later experiments, the author has investigated over 30 cases 
of Bi2Te3 research to summarize their preparation methods and conditions in Table 2. As 
discussed in Section 2.5, Bi2Te3-based ternary nanocomposites should be the target of this 
project because they are proved to have better price-to-performance ratio. In terms of their 
fabrication methods, the most-used techniques are ball milling (BM), melt spinning (MS), and 
hydrothermal or solvothermal synthesis. On the other hand, SPS has been found to be the 
dominating densification technique.  
This section will introduce some widely used and effective preparation techniques for 
doped Bi2Te3-based nanocomposites. Each technique will be reviewed in terms of mechanism, 
advantages and disadvantages, as well as contributions to the Bi2Te3 family. 
Table 2. Preparation methods of Bi2Te3-based TE materials from previous research. 
Material Morphology Synthesis 
Method 
Precursor Reaction 
Atmosphere/
Solvent  
Ref 
Bi2Te3 
Bi2Te3 Nanostructured 
bulk material 
MA (450 rpm 
and 3 h) + 
SPS (50 
MPa, 673 K, 
5 min) + HF 
99.999% Bi 
and 99.999% 
Te 
Purified 
argon 
atmosphere 
28
Bi2Te3 Nanocomposite MS (60 Hz) + 
HP (50 MPa, 
723 K, 30 
min) 
N-type Bi2Te3
ingots (99.9%)
29
Bi2Te3 Monolith SG and HP 
(70 MPa, 653 
K) 
Colloidal silica 
nanospheres 
and acidic 
aqueous 
solution 
containing 
HTeO2+ and 
Bi3+ 
338 K 30
Bi2Te3 Nanoplate SG and SPS 
(523 K, 5 
Bismuth 
dodecanethiola
Oleylamine 31
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min) te and 
tri-n-octylphos
phine telluride 
Bi2Te3 Nanostructured 
bulk material 
CA and SPS 
(70 Mpa, 673 
K, 0 min) 
Bi(NO3)2.5H20 
99.99% and 
TeO2 99.999% 
Concentrated 
HNO3 (65 
wt%), 300 K 
7
Bi2Te3 Nanostructured 
bulk material 
MS (40 m/s) 
+ SPS (783
K, 10 min)
Zone melting 
p-type Bi2Te3
ingots
Argon 
atmosphere 
32
Bi2Te3-based TE materials (bulk material) 
Bi0.5Sb1.5Te3 Bulk alloy HPHT (2.5 
GPa) 
99.999% Bi 
powder, 99.9% 
Sb powder, 
99.999% Te 
powder 
Nitrogen gas, 
860-930k
33
Bi2(Te0.75Se0.25)3 Single crystal 
solid solution 
THM + SA 34
Bi2Se0.36Te2.64 Crystal alloy MA (180 
rpm, 48 h) + 
Bridgeman 
method 
High purity (> 
99%) powders 
of Bi (100 
mesh), Se (200 
mesh) and Te 
(200 mesh) 
973 K 35
Bi2Te2.73Se0.27 Bulk alloy HPHT (1.5 
GPa, 918 K) 
Commercial 
high-purity 
powders of Bi 
(99.999%), Te 
(99.999%) and 
Se (99.95%) 
Nitrogen gas 36
Bi1.9In0.1Te3 Bulk alloy HPHT (2 
GPa, 30 min) 
High-pure 
powders of Bi 
(5N), Te (5N) 
and In (4N) 
900 K 37
Bi2Te3-based TE materials (nanostructuring) 
Bi2Te3/Sb2Te3 Superlattice MBE 38
BiSbTe Nanostructured 
bulk alloy 
BM + HP Bulk p-type 
BiSbTe alloy 
ingots 
39
Bi0.52Sb1.48Te3 Nanostructured 
bulk alloy 
MS (40 m/s) 
and SPS (773 
K, 30 MPa, 5 
min) 
Zone melted 
p-type
Bi0.52Sb1.48Te3 
ingots 
0.12 MPa Ar 17
Bi0.4Sb1.6Te3 Nanocomposite SSS + MS 
(60 Hz) + HP 
(723 K, 50 
MPa, 30 min) 
Bismuth 
needles 
(99.99%), 
tellurium 
(99.8%), and 
antimony 
powder 
(99.5%) 
Vacuum 
(10−3 Pa), 
1073 K 
40
(Bi0.25Sb0.75)2Te3 Nanostructured MS (12 m/s) Commercial 1323 K 41
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bulk alloy and SPS (Bi,Sb)2Te3 
and PbTe 
Bi2(Se0.4Te0.6)3 Nanostructured 
bulk alloy 
MS (40 m/s) 
+ SPS (723
K, 20 MPa, 3
min) 
High-purity 
chunks of 
bismuth, 
tellurium, and 
selenium 
High 
vacuum, 
1123 K 
42
Bi0.45Sb1.55Te3 Nanostructured 
bulk alloy 
HS + 
evacuated-an
d-encapsulate
d sintering
(10 h) 
Te powders, 
BiCl3, SbCl3, 
ethylenediamin
etetraacetic 
acid 
413 K 43
Bi0.5Sb1.5Te3 Nanocomposite BM (200 
rpm, 10 h) + 
metal 
nanoparticle 
decoration + 
SPS (70 
MPa, 653 K, 
10 min) 
High-purity 
(>99.999%) 
Bi, Sb, and Te 
granules 
Vacuum, 
1073 K 
44
Bi0.48Sb1.52Te3 Nanocomposite Single-eleme
nt MS with 
excess Te (40 
m/s) + SPS 
(15 MPa, 773 
K, 1 min) 
High-purity 
single 
elemental 
chunks of Bi 
(5N), Sb (6N), 
and Te (6N) 
Argon 
atmosphere 
45
(BiSb)2Te3 Nanostructured 
bulk alloy 
BM (300 
rpm, 10 h) + 
SPS (10 min, 
693 K, 50 
MPa) 
P-type ingots 46
Bi0.4Sb1.6Te3 Nanostructured 
bulk alloy 
BM and SPS 
(723 K, 50 
MPa) 
47
Bi2Te2.7Se0.3 Nanostructured 
bulk alloy 
MS (10 m/s) 
+ RPS (683
K, 38 MPa,
20 min) 
High purity 
(>99.99 wt%) 
chunks of Bi, 
Se and Te 
Vacuum, 983 
K 
48
Bi0.5Sb1.5Te3 Nanostructured 
bulk alloy 
MS and PAS 49
Bi0.5Sb1.5Te3 Nanostructured 
bulk alloy 
MS with 
excess Te + 
SPS (70 
MPa, 753 K) 
50
Bi0.5Sb1.5Te3 Nanostructured 
bulk alloy 
BM (450 
rpm, 3 h) + 
SPS (50 
MPa, 673 K, 
5 min) 
Commercial p-
type 
Bi0.5Sb1.5Te3 
ingots 
Purified 
argon 
atmosphere 
51
(Bi0.5Sb0.5)2Te3 Nanoplates CVD SiO2-coated 
Si substrates 
52
Bi0.5Sb1.5Te3 Nanostructured EP + SPS (40 High-purity H2 53
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bulk alloy MPa, 673 K, 
3 min) + 
Annealing 
(623 K, 2 h) 
200-mesh
Bi0.5Sb1.5Te3 
powder 
atmosphere, 
573 K 
Bi2Te2.42Se0.58 Nanocomposite SG and HP 
(723 K, 30 
min) 
Nitrogen 27
Bi2Te2.7Se0.3 Nanoplates SS + SPS 54
Bi2Te2.85Se0.15 Nanostructured 
bulk alloy 
BM (1100 
rpm, 1 h) + 
SPS (673 K, 
50 MPa, 10 
min) 
High purity (> 
99.999%) 
elemental 
pellets of Bi, 
Te and Se 
Argon 
atmosphere 
55
Bi0.5Sb1.5Te3 Nanostructured 
bulk alloy 
BM (250 
rpm, 24 h) + 
HA (5% 
H2-95% Ar, 1 
h, 673 K) + 
SPS (673 K, 
40 MPa, 10 
min) 
High purity 
(4-5 N) Bi 
(31.2 g), Sb 
(54.5 g) and Te 
(114.3 g) 
elemental 
chunks 
Argon 
atmosphere 
56
Abbreviations MA=Mechanical Alloying; SPS=Spark Plasma Sintering; HF=Hot 
Forging; MS=Melt Spinning; HP=Hot Pressing; SG=Solution Grow; 
CA=Chemical Alloying; HPHT=High Pressure and High Temperature; 
THM=Travelling Heater Method; SA=Saturation Annealing; 
MBE=Molecular Beam Epitaxial Method; BM=Ball Milling; SSS=Solid 
State Synthesis; HS=Hydrothermal Synthesis; RPS=Resistance Press 
Sintering; PAS=Plasma-Activated Sintering; EP=Electroless Plating; 
CVD=Chemical Vapor Deposition; HA=Hydrogen Annealing. 
2.6.1. Ball milling (BM) 
Ball milling is a process in which the fabrication of final products is induced by the 
physical interaction between precursors and balls in a milling bowl. This approach has been 
widely used to generate high-performance Bi2Te3-based TE materials, especially 
polycrystalline Bi2Te3-based nanomaterials. Previous research has enhanced the ZT value of 
the Bi2Te3 family through BM, primarily by smashing alloys into fine powders or using 
powders as precursors to produce bulk alloys. The latter technique is also known as 
mechanical alloying (MA). Figure 17 illustrates how a ball mill operates. 
As shown in Fig. 17, the structure of the ball mill is made up of two main components: 
supporting disc and milling bowl. During operation, the supporting disc and the milling bowl 
will be rotated in the opposite direction so that precursors in the bowl will be influenced by 
high mechanical energy. The high mechanical energy comes from two sources: the friction 
between the precursor and the bowl wall, and the collision between the precursor and the ball. 
When precursor alloys or powders are put into the ball mill, they will be either grounded or 
formed into alloy phase. 
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Figure 17. Schematic illustration of a ball mill.58 
Bi2Te3-based TE materials fabricated by BM typically share two characteristics: enhanced 
mechanical strength and lower κ. Zhao et al. generated n-type polycrystalline Bi2Te3 from Bi 
and Te powders through MA, and found its better mechanical and TE performance compared 
to Bi2Te3 single crystals.28 By BM, Poudel et al. obtained p-type BiSbTe nanostructured 
ingots from nanoparticles.39 The ingots had an optimized ZT value of 1.4 at a relatively high 
temperature, 373 K. In addition, it was found that the common cleavage problem caused by 
weak interlayer linkage in zone-melted Bi2Te3-based TE materials was no longer a concern in 
BMed ingots. Therefore, it was concluded by them that BMed Bi2Te3-based bulk alloys 
would be more suitable for large-scale and higher-temperature applications. Son et al. then 
specifically investigated the influence of BM on p-type (Bi, Sb)2Te3 and proved that its TE 
properties varied according to different BM time.46 Due to intensive scattering of phonons 
caused by grain refinement, κL kept decreasing with increasing BM time. It was also observed 
that n underwent a drastic grow because of the anti-site defects induced by BM. Another 
research by Pan et al. pointed out the different behaviours of n-type and p-type BMed 
materials.51 Both of them exhibited stronger mechanical properties, however, the impacts of 
BM on their ZT values were different. The reduced κ of p-type materials was due to the 
combined action of κe and κL, while for n-type materials only κL contributed to the reduction. 
What was more, the changes in ρ of n-type and p-type showed inverse trends. Finally, the ZT 
value of p-type was enhanced by BM while the ZT value of n-type was adversely affected. 
This finding is one of the reasons why the overall performance of n-type TE materials is 
poorer than that of p-type TE materials. 
Although BM has been regarded as an economic and dependable approach, it still has some 
drawbacks. One of the major drawbacks is that impurities may be introduced into final 
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products during the process of BM, especially from the atmosphere. What is more, 
disadvantages such as low processing efficiency and low morphological control over final 
products remain as the concern with BM. Nevertheless, the advantages of BM still overweigh 
its shortcomings because most of the problems can be controlled with proper treatment. In 
view of the outstanding mechanical strength and the enhanced ZT of BMed Bi2Te3-based 
materials, there is no doubt that BM is a promising fabrication approach. 
2.6.2. Melt spinning (MS) 
Melt spinning is one of the key preparation methods for Bi2Te3-based TE materials because 
it can generate nanostructures in the host matrix by rapid cooling of liquid metal.45 The TE 
material obtained by MS is nearly amorphous. Figure 18 illustrates the mechanism of MS. As 
can be seen, molten alloy is dropped onto a copper disc from a heating tunnel. The copper 
disc on the bottom is rotating with high speed and is cooled from inside by water. Once metal 
melts come into contact with the copper disc, they will be rapidly quenched to form 
amorphous metal ribbons. Compared with traditional fabrication methods, such as zone 
melting, MS has shorter processing time and less contamination. 
Figure 18. Schematic illustration of MS.45 
Similar to BM, MS can strengthen mechanical properties as well. What is more, melt-spun 
TE materials normally possess unique microstructures and low κ. For TE properties of the 
material, the core influential factor during MS is cooling rate. Jacquot et al. reported the effect 
of MS on p-type (Bi0.25Sb0.75)2Te3.41 In their experiment, the effect of cooling rate was studied 
by comparing treatment group with control group. The control group was quenched slowly by 
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water while the treatment group was cooled rapidly by MS. The results showed that cooling 
rate could modify the electrical properties of TE materials. A number of nanostructures were 
found in the melt-spun (Bi0.25Sb0.75)2Te3, leading to a slight higher ZT value. For n-type 
Bi2Te3-based materials, Wang et al. also investigated the relationship between their TE 
parameters and the cooling rate of MS.42 It was found that S2σ and κ were both reduced with 
higher cooling rate, which was due to increased boundary scattering of charge carriers and 
phonons caused by microstructure refinement. Because κ dropped faster than S2σ, the overall 
TE performance was improved and the maximum ZT value was achieved at the highest 
cooling rate. In their report, Wang et al. also pointed out that melt-spun n-type Bi2(Se0.4Te0.6)3 
had a much lower percentage of Te than zone-melted n-type Bi2Te3-xSex, but their ZT values 
were comparable.42 Due to the low Te content, the production cost of Bi2Te3-based TE 
materials could be cut down significantly by MS.  
Furthermore, Xie et al. fabricated n-type and p-type Bi2Te3-based nanocomposites by single 
element MS and compared the effects of MS on them.45 For p-type Bi0.48Sb1.52Te3, a number 
of coherent interfaces were formed in the host matrix, which preferentially blocked the 
transport of phonons. The nanocrystals induced by MS suppressed bipolar effect and reduced 
the sensitivity of Bi0.48Sb1.52Te3 to temperature. A drastic drop of κ was subsequently achieved, 
along with a remarkable high value of ZT (1.50) at 390 K. On the other hand, the 
improvement of n-type Bi2Te3 by MS was somewhat disappointing. It was found that S 
experienced a substantial decline because the anisotropic structure of n-type Bi2Te3 was not 
preserved. Although the degradation of S had been compensated by the reduced κ, the 
enhancement of ZT value for n-type Bi2Te3 was unsatisfying. 
2.6.3. Hydrothermal/solvothermal synthesis 
Hydrothermal or solvothermal synthesis is a typical bottom-up fabrication technique for 
nanomaterials.59 The greater control over final products by this technique guarantees 
nanograins with desired sizes and morphologies, allowing for more accurate adjustment of TE 
parameters. The process of hydrothermal or solvothermal synthesis involves chemical 
reactions among precursors in a sealed container, during which appropriate pressure and 
temperature are held for the reactions. Hydrothermal synthesis and solvothermal synthesis are 
essentially the same, and their only difference is due to the difference in reaction solvent. If 
the reaction solvent used is water, the synthesis is called ‘hydrothermal’; If not, the synthesis 
is named ‘solvothermal’.60 
Hydrothermal and solvothermal synthesis have been used to fabricate Bi2Te3 single 
nanocrystals as well as nanostructured Bi2Te3-based polycrystalline. The container used to 
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seal precursors is normally stainless-steel autoclave, as shown in Fig. 19. During the synthesis, 
firstly the starting material is placed in an autoclave, the autoclave is then heated to boil the 
solution for reaction. According to Takashiri et al., reactions for Bi2Te3 single nanocrystals 
occur in three stages: TeO2 + 2NaOH → TeO32− + 2Na+ + H2O (17) TeO32− + 2Bi3+ + 4OH− → Bi2TeO5 + H2O (18) TeO32− + HO − CH2 − CH2 − OH → Te + OHC − CHO + H2O + 2OH− (19)3Te + 6OH− → 2Te2− +  TeO32− + 3H2O (20) 3Te2− + 2Bi3+ → Bi2Te3 (21) 
where equation (17) represents the first stage, equation (18) and equation (19) represent the 
second stage, and equations (20) and (21) represent the final stage.61 The level of reaction 
temperature as well as the types of reducing agent and alkaline all have great impacts on these 
three stages, especially on the evolution from stage 2 to stage 3. On the other hand, the 
general fabrication conditions for Bi2Te3-based ternary nanoplates through solvothermal 
synthesis have been reported by Hong26, as shown in Table 3. 
Figure 19. (a) A typical stainless-steel autoclave in real life.60 (b) Schematic illustration of a 
stainless-steel autoclave.62 
Nanostructured TE materials produced by hydrothermal or solvothermal synthesis are 
proved to have better PF and κ. Liu et al. fabricated p-type Bi0.45Sb1.55Te3 nanocomposites by 
hydrothermal synthesis and cold pressing.43 The PF of the as-prepared sample reached 28 x 
10-4 Wm-1K-2 at 275 K, which was 30.84% higher that of the bismuth-antimony-telluride bulk
alloys fabricated through HPHT method by Guo et al.33. A remarkable reduction of κL was
achieved in p-type BixSb2-xTe3 nanoplates by Zhang et al..6 Due to enhanced phonon
scattering, the lowest κL they got was only 0.2 Wm-1k-1. Hong et al. then demonstrated the
effectiveness of solvothermal synthesis on n-type Bi2Te3-xSex nanoplates.54 Their study
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proposed a novel technique by combining solvothermal synthesis with microwave-assisted 
method, which presented positive impacts on the processing efficiency as well as the TE 
performance. The superiorities of the nanoplates fabricated by solvothermal synthesis were 
systematically reviewed by Takashiri et al..61 After that, they successfully raised the PF of 
nanoplates to 68 x10-4 Wm-1K-2 in one of their most recent research63, which was nearly 1.5 
times larger than the PF reported by Liu et al.43. 
Table 3. Material specification and reaction conditions for BixSb2-xTe3 and Bi2Te3-xSex 
nanoplates through solvothermal synthesis.26 
BixSb2-xTe3 nanoplates 
(1 mmol) 
Bi2Te3-xSex nanoplates
(Bi2Te2.7Se0.3) 
Precursor SbCl3 (2-x mmol), 
Bi(NO3)3·5H2O (x 
mmol), Na2TeO3 (3 
mmol) 
Bi(NO3)3·5H2O (1 mmol), 
Na2TeO3 (1.35 mmol), Na2SeO3 
(0.15 mmol) 
Solvent Ethylene glycol (40 mL) Ethylene glycol (40 mL) 
Alkaline NaOH (5 mol/L, 2 mL) NaOH (5 mol/L, 2 mL) 
Reaction Temperature 503 K 503 K 
The major advantage of hydrothermal and solvothermal synthesis is that they guarantee 
relatively precise manipulation over the size, structure and morphology of final products. 
Furthermore, the cost and the operational complexity of hydrothermal and solvothermal 
synthesis are both superior to BM and MS. However, these two techniques are limited by 
their low yield and slow processing rate, so they are probably more suitable for lab 
experiments rather than for commercial productions.  
2.6.4. Spark plasma sintering (SPS) 
Spark plasma sintering is normally used as a densification process after BM, MS or 
solvothermal synthesis to generate polycrystalline nanomaterials. Unlike those treated by 
traditional sintering process, nanostructured specimens processed by SPS are expected to have 
finer grains, higher mechanical strength, and smaller compositional change. In addition, SPS 
is a precise technique that compacts specimens at higher rate and lower temperature.64  
The SPS system consists of three basic components, including power supply, graphite 
punch, and vacuum chamber, as shown in Fig. 20. During SPS process, powder will be placed 
on a graphite die and consolidated by the joint action of direct electrical current and 
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mechanical forces from upper and lower punches. The direct electrical current is continuously 
switched on and off throughout the entire process, stimulating the joule heat necessary for 
diffusion between atoms. The joule heat is homogeneously distributed within the 
microstructure of powder particles, leading to much faster sintering than traditional sintering 
by external heating. 
SPS is an ideal sintering technique for BMed and melt-spun nanopowders. Conventional 
techniques, such as hot pressing (HP), normally take hours and even days to densify powders, 
during which grain growth cannot be effectively controlled. SPS can significantly shorten the 
processing time to less than one hour, so that powders can be compacted into bulk materials 
without sacrificing their fine microstructures. Bulat et al. proved the positive effect of SPS on 
p-type BixSb2-xTe3 by comparing SPSed and HPed samples.47 The sample processed by SPS
had smaller grain size than the sample processed by HP. The high density of interfaces in
SPSed sample altered its electron and phonon transport pattern, resulting in lower κ than
HPed sample. Pan et al. also demonstrated the strength of SPS in grain growth suppression.51
Furthermore, they evaluated the effect of different SPS conditions on p-type (Bi0.25Sb0.72)2Te3,
and found that TE parameters of the material underwent violent changes above eutectic
temperature.
Figure 20. SPS system.65 
Compared with their single crystals, polycrystalline Bi2Te3-based materials processed by 
SPS typically possess improved grain morphology and high density close to theoretical limit. 
However, their TE performances are generally limited by their inadequate electrical properties. 
This is mainly due to the low degree of orientation caused by random distribution of grains in 
SPSed material. Zhao et al. addressed this problem by combining SPS with hot forging 
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technique.28 Their specimen turned out to be highly orientated, which increased S2σ to around 
31 x 10-4 Wm-1K. 
At present, MS, BM or solvothermal synthesis followed by SPS appears to be the 
most-used preparation methods for Bi2Te3-based TE materials. SPS is capable of preserving 
the improved properties obtained from the initial fabrication and providing the material with 
extensive mechanical strength. Given its cost-effective, environmentally friendly, efficient 
and reliable nature, SPS is probably one of the best consolidation methods for Bi2Te3-based 
TE materials. 
2.7. Summary 
Until this stage, the first and second objectives of this thesis project have been fully 
completed. By comprehensively reviewing TE research about Bi2Te3, it is found that the main 
challenge is to enhance the dimensionless figure of merit, ZT, to optimize the efficiency of TE 
materials for extensive applications. In the progress of ZT advancement, there are also some 
obstacles existing: 
i. The interrelations among TE parameters highly hinder the enhancement of ZT. The
improvement of one parameter normally accompanies the deterioration of another.
ii. The overall efficiency of current TE devices is still far from satisfying. In addition
to the low ZT values of TE materials, the main reason is that the performance of
n-type materials is poorer than the performance of p-type materials.
iii. The ZT value of Bi2Te3 family greatly reduces at temperature above 500 K due to
bipolar effect, which limits its generalizability.
In order to meet the above challenges, doping and nanostructuring have been put forward. 
Ternary structures formed by introducing foreign elements into Bi2Te3 as well as 
nanostructures constructed by nanostructuring have been demonstrated to be effective in ZT 
enhancement. By comparing the TE parameters of Bi2Te3 bulk alloys and nanostructured 
Bi2Te3-based ternary systems, the author has come to the conclusion that nanostructured 
ternary systems fabricated by integrating doping and nanostructuring will have superior TE 
performance. 
Preparation methods for nanostructured ternary systems have been subsequently reviewed. 
It is found that each method has its own strengths and drawbacks in terms of cost, yield, 
effectiveness and efficiency, and there is no such a thing as a perfect method. Therefore, the 
selection of preparation methods should be determined on a case-by-case basis.  
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3. Experimental
This chapter will clearly demonstrate the experiments conducted in this thesis project. The 
structure is mainly divided into two parts. Firstly, a risk assessment of the project will be 
provided to avoid possible hazards. Secondly, experimental procedures as well as apparatus 
and materials used in the procedure will be described in detail. All experiments are 
completely instructed and assisted by Associate Professor Zhi-Gang Chen and Dr. Min Hong. 
The main objective of our experiments is to enhance the ZT value of Bi2Te3 by integrating 
doping and nanostructuring. The preparation method we chose is solvothermal synthesis 
followed by SPS. As discussed in Chapter 2, although solvothermal synthesis has low yield 
rate and takes long time, its products normally possess better size, structure, and morphology. 
In addition, solvothermal synthesis is a relatively simple technique that is more suitable for 
novices. On the other hand, SPS is able to consolidate the nanopowder obtained from 
solvothermal synthesis to further improve its performance. The resultant bulk pellet also 
allows the measurement of TE parameters.  
The dopant we use to form ternary systems is antimony. As a result, the final products 
should be p-type Bi2-xSbxTe3 nanoplates. Based on previous research, the Seebeck coefficient 
of the nanoplates should be higher than that of Bi2Te3. The thermal conductivity should be 
lower, and the PF should be comparable. The overall ZT of the nanoplates should be 
significantly enhanced.  
3.1. Risk Assessment 
The experiments were carried out in labs 43-004, 43-005, 43-006, 49-413, 49-622 and 
50-S308. Building inductions and laboratory inductions were conducted prior to experiments.
Risk assessment was also finished in advance to avoid accidents and protect personal safety.
The assessment is summarized in Table 4, which lists possible hazards, measures the level of
likelihood, and provides the countermeasures in case of any accidents. The detailed
paperwork can be found in Appendix.
According to the risk assessment, hazardous events are mainly associated with the 
chemicals and machines used during experiments. Although many of the tasks are dangerous 
and their consequences might be severe, proper controls have been taken to manage those 
risks. As a result, it can be seen that risk levels of all tasks are rated as ‘low’, which indicates 
the feasibility of our experimental design. 
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Table 4. Risk assessment. 
Task Name Risk Identification Likelihood Consequence Risk 
Level 
Action 
General processing and 
storage of non-hazardous 
and non-flammable 
materials (bismuth 
telluride) 
 Minor spill of chemicals due to
negligence or improper
operation.
 Unexpected skin contact with
chemicals or inhalation of
chemicals.
Conceivable Minor Low  Wear PPE (goggles, covered shoes,
lab coats).
 Receive training on operating
reaction vessels.
 Use fume cupboard when handling
materials.
 Paper towels can be used in the case
of minor spill.
General processing and 
storage of hazardous and 
flammable materials 
(ethylene glycol, 
antimony trichloride, 
sodium tellurite, bismuth 
nitrate, ethanol) 
 Minor spill of chemicals due to
negligence or improper
operation.
 Unexpected skin contact with
chemicals or inhalation of
chemicals can cause damage to
health.
Remotely 
possible 
Substantial Low  Wear PPE (goggles, covered shoes,
lab coats).
 Receive training on operating
reaction vessels.
 Use fume cupboard when handling
materials.
 Paper towels can be used in the case
of minor spill.
Solvothermal synthesis 
of bismuth antimony 
telluride nanoplates 
 Autoclave explosion due to
irregular pressure or temperature
as well as explosive or excess
reactants in the reaction vessel.
 Unexpected skin contact with
chemicals or inhalation of
chemicals when loading and
removing chemicals.
Conceivable Serious Low  Wear PPE (goggles, covered shoes,
lab coats).
 Receive training on operating
autoclaves and laboratory ovens.
 Conduct solvothermal synthesis
under supervision.
 Use fume cupboard when loading
and removing chemicals.
Transport of autoclaves  Muscle injury caused by
carrying the autoclave from
49-413 to 49-415.
Conceivable Minor Low  Always use trolleys to conduct
transportation.
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Task Name Risk Identification Likelihood Consequence Risk 
Level 
Action 
Spark plasma sintering 
(SPS) of the as-prepared 
sample into bulk pellets 
and sample 
measurement (1) 
 Electric shock due to
accidental electric leakage
from the SPS machine,
ZEM-3 or LFA 457 A.
Practically 
impossible 
Serious Low  Receive training on machine operation,
and always operate under supervision.
 Check the plugs and insulators of the
machine before operation.
Spark plasma sintering 
of the as-prepared 
sample into bulk pellets 
and sample 
measurement (2) 
 Argon and nitrogen might
leak to cause reduced oxygen
level in the lab, leading to
serious health consequences.
Conceivable Substantial Low  Receive training on machine operation,
and always operate under supervision.
 Once the oxygen detector alerts, evacuate
from the lab immediately.
Spark plasma sintering 
of the as-prepared 
sample into bulk pellets 
and sample 
measurement (3) 
 Operator might get burned by
the heat in SPS chamber or
by the surface of ZEM-3.
 SPS machine might be out of
order due to irregular
pressure, and experiment
would subsequently be
postponed.
 SPS machine and ZEM-3
might leak water to cause
slips and falls.
Conceivable Minor Low  Receive training on machine operation,
and always operate under supervision.
 Do not touch anything until it is cooled to
room temperature.
 Check the critical parts of the machine
for irregularities before operation.
 Paper towels can be used in the case of
water leakage.
Sample measurement by 
LFA 457 A 
 Unexpected skin contact with
liquid nitrogen due to
negligence or improper
operation, causing damage to
health.
Conceivable Minor Low  Wear PPE (goggles, covered shoes, lab
coats, face masks).
 Receive training on machine operation,
and always operate under supervision.
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3.2. Material and Apparatus 
For the selection of materials and apparatus, the author has referred to the experimental 
design recommended by Hong26 in his report (discussed in Section 2.6.3). The details are 
shown in Fig. 21 and listed in Table 5. 
Figure 21. a b c d e f) Experimental apparatus: SPS system (a), centrifuge 5424 R (b), AREX 
heating magnetic stirrer (c), Thermoline sonication unit (d), LFA 457 A (e), and ZEM-3 (f). 
Table 5. Materials and apparatus. 
Materials Apparatus 
 Antimony trichloride: SbCl3
 Bismuth nitrate: Bi(NO3)3·5H2O
 Sodium tellurite: Na2TeO3
 Sodium hydroxide: NaOH
 Ethylene glycol
 Distilled water
 Ethanol
 Stainless steel autoclave
 Laboratory oven
 Fume cupboard
 SPS system (Fig. 21(a))
 Centrifuge 5424 R (Fig. 21(b))
 AREX heating magnetic stirrer (Fig.
21(c))
 Thermoline sonication unit (Fig. 21(d))
 LFA 457 A (Fig. 21(e))
 ZEM-3 (Fig. 21(f))
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3.3. Experimental Procedure 
The synthesis of Bi2Te3 and nanostructured Bi2-xSbxTe3 ternary compounds by 
solvothermal synthesis and SPS have been developed to standardization in recent years. Their 
procedures are largely identical and have already been demonstrated in detail by a number of 
studies6,26,63. During this thesis project, Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 have been 
fabricated by us for characterisation and measurement. Those experiments have progressed 
smoothly thanks to the help of Associate Professor Zhi-Gang Chen and Dr. Min Hong.  
i. Prepare precursor solutions.
a) Dissolved antimony trichloride, bismuth nitrate and sodium telluride with
ethylene glycol to prepare precursor solutions for Bi2Te3, Bi0.4Sb1.6Te3 and
Bi0.5Sb1.5Te3. The amount of added chemicals followed the stoichiometric ratio
of each target product.
b) Adjusted pH values of precursor solutions by sodium hydroxide solution.
c) Stirred solutions for half an hour to mix the chemicals uniformly by AREX
heating magnetic stirrer.
d) Put solutions in Thermoline sonication unit for further dissolution.
ii. Solvothermal synthesis.
a) Loaded the precursor solutions prepared in step i into a stainless-steel autoclave
(100 mL) in fume cupboard.
b) Heated the autoclave with a laboratory oven and waited for collection (24 h, 503
K).
iii. Product collection.
c) Removed products from the autoclave in fume cupboard. Then used ethanol and
distilled water to clean impurities from the products.
d) Centrifuged the products by 5424 R for purification.
e) Dried the products with an oven (vacuum, 333 K).
iv. Product characterisation to examine structures and morphologies.
v. SPS to consolidate collected products into bulk pellets (523 K, 5 min, 40 MPa).
vi. Product measurement to quantify TE performance.
vii. Processed data for analysis.
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4. Results and Discussion
In-depth analysis of experimental results will be provided in this chapter. The first part will 
closely examine the morphology and the structure of Bi0.5Sb1.5Te3 synthesized by our 
experiments. The second part will evaluate and compare TE performances of the as-fabricated 
Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3. Achievements and deficiencies of our experiments will 
both be highlighted in the discussion. All results cannot be obtained without the help of 
Associate Professor Zhi-Gang Chen and Dr. Min Hong. 
4.1. Sample Characterisation 
Bi0.5Sb1.5Te3 has been chosen as the representative sample for SEM, TEM and HRTEM 
characterisation. The resultant images are shown in Fig. 22. The characterisation is critical as 
it verifies whether our experiments are successful and if our products are in the desired form. 
Figure 22. (a) Low-magnification SEM image of Bi0.5Sb1.5Te3. (b) High-magnification SEM 
image of Bi0.5Sb1.5Te3 side-view. (c) TEM image of Bi0.5Sb1.5Te3. (d) HRTEM image of 
Bi0.5Sb1.5Te3. 
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As can be seen from Fig. 22(a), most of the products have hexagonal shape. This is 
consistent with the rhombohedral crystal structure of Bi2Te3 mentioned in Section 2.4.1. A 
few number of the products are in the form of rods or irregular bodies, which is due to 
insufficient reaction among reactants. Figure 22(b) provides a closer look of the hexagonal 
products, and their features agree the morphologies of nanoplates recorded in previous 
research6,26,63. Their edge lengths vary from 100 nm to 400 nm, which are slightly shorter than 
the edge lengths (100 - 450 nm) reported by Ren et al.66. The average thickness is relatively 
small (≤ 100 nm), and this could be beneficial to κL according to Takashiri et al.61. Figure 22(c) 
and Fig. 22(d) show that the hexagonal products possess well-defined crystalline structure. 
Their average lattice spacing (0.20 nm) is in agreement with the R3m space group of Bi2Te3. 
Thus, the hexagonal products we got are proved to be thin nanoplates with standard 
dimensions and structures.  
4.2. Thermoelectric Properties 
Thermoelectric parameters (S, σ, S2σ, κ) of as-fabricated Bi2Te3, Bi0.4Sb1.6Te3 and 
Bi0.5Sb1.5Te3 have been measured, calculated, and illustrated in figures. Trends and underlying 
reasons for the variation of those parameters will be analysed accordingly. What is more, their 
ZT values will be examined and compared with other studies.  
4.2.1. Seebeck coefficient (S) 
Seebeck coefficients of Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 are presented in Fig. 23(a). 
The positive signs of S for Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 nanoplates indicate that they are 
p-type materials. This conversion of conduct type is determined by Sb doping, through which
Bi is substituted to induce anti-site defects in the crystal structure. As a result, majority charge
carriers in the nanoplates are holes instead of electrons.
Compared to binary Bi2Te3, it is obvious that S is greatly enhanced in Sb-doped ternary 
systems. The highest S (2.26 x 10-4 VK-1) has been achieved in Bi0.5Sb1.5Te3 nanoplates at 340 
K, which is comparable to the S (2.30 x 10-4 VK-1) reported by Zheng et al.49 at the same 
temperature. At 320 K, the S of Bi2Te3 is increased by approximately 42% when x = 1.5, and 
the corresponding S (2.25 x 10-4 VK-1) is 3.2% higher than that of the Bi0.5Sb1.5Te3 fabricated 
by Kim et al.50. When x = 1.6, the S of Bi0.4Sb1.6Te3 is 1.33 times larger than the S of Bi2Te3 at 
320 K. The enhancement of S is due to synergetic effects of doping and nanostructuring. 
Heavily doped Bi2-xSbxTe3 nanoplates possess large single band effective mass, which results 
in the improved S. What is more, the significantly raised band degeneracy also contributes to 
the larger S in Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3. 
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The S of each sample initially increases with increasing temperature, and decreases after 
the temperature reaches 340 K. This trend is consistent with the unique property of Bi2Te3 
mentioned in Section 2.4.4. Bipolar effect leads to the disorder of charge carriers at elevated 
temperature, and S is subsequently damaged. On the other hand, it can be seen that the overall 
S of Bi0.5Sb1.5Te3 is higher than that of Bi0.4Sb1.6Te3. This is because of the negative 
relationship between S and n. Higher doping level in Bi0.4Sb1.6Te3 means higher n, and higher 
n means lower S. 
To sum up, S has been greatly improved as expected in nanostructured Bi2-xSbxTe3. The 
best S has been derived at 340 K when x = 1.5. All of the variation tendencies match with the 
existing theories. 
Figure 23. Seebeck coefficients (a), electrical conductivities (b), power factors (c), and 
thermoelectric conductivities (d) of Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3. 
4.2.2. Electrical conductivity (σ) 
Figure 23(b) illustrates the relationship between σ and T for each sample. It can be seen that 
all three data lines present downward trends. The reason is similar to the cause of declined S 
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discussed in Section 4.2.1. As the temperature goes up, the effect of minority charge carriers 
becomes increasingly intensive, which disturbs the effect of majority charge carriers. As σ is 
directly associated with n and µ, it is expected to decrease with the increasing temperature. 
Furthermore, it is noticeable that σ is almost linearly related to T.  
The improvement of σ is negative but within the author’s anticipation. The highest σ (8.35 
x 104 sm-1) has been achieved in binary Bi2Te3 at 300 K. At the same temperature, σ (6.94 x 
104 sm-1) of Bi0.5Sb1.5Te3 is reduced by 17% compared to that of Bi2Te3, and σ (7.56 x 104
sm-1) of Bi0.4Sb1.6Te3 also decreases by 9.5%. At 320 K, Bi0.5Sb1.5Te3 shows a much higher σ 
(6.33 x 104 sm-1) than the figure reported by Seo et al.56, which is only 0.69 times the σ we got. 
Even though σ is relatively large in our study, electrical conductivities of the as-fabricated 
nanoplates are still below that of the as-fabricated Bi2Te3 at all temperatures (300 - 450 K). It 
is well-known that doping is good for n, and higher n benefits σ. In this case, σ should have 
been enhanced due to higher hole concentration. However, the large density of dopants also 
disturbs the transport of holes, leading to a smaller µ. Overall, the enhancement of n fails to 
compensate the decline of µ. This explains why σ of Bi0.5Sb1.5Te3 and Bi0.4Sb1.6Te3 are 
smaller compared to Bi2Te3. 
In addition, the overall σ of Bi0.5Sb1.5Te3 is lower than that of Bi0.4Sb1.6Te3. This is 
consistent with the findings of Guo et al.33 and Zhang et al.6. At 320 K, σ of Bi0.4Sb1.6Te3 is 
0.61 x 104 sm-1 larger. The underlying reason is that the hole concentration in Bi0.4Sb1.6Te3 is 
higher than the hole concentration in Bi0.5Sb1.5Te3, which can be easily inferred from their 
stoichiometric ratios.  
To sum up, σ has been reduced as expected in nanostructured Bi2-xSbxTe3. Nevertheless, 
their high crystallinity and large hole concentration still maintain their σ at a relatively high 
level. Therefore, the resultant decline of σ is slight and acceptable, and σ of Bi0.5Sb1.5Te3 has 
only been reduced by 16% at 320 K.  
4.2.3. Power factor (S2σ) 
As mentioned earlier, large PF is required for designing high-performance TE materials. 
This is also what we want to achieve in Bi2-xSbxTe3 nanoplates. Based on the obtained data of 
S and σ, S2σ vs. T for each sample is plotted and shown in Fig. 23(c). It is not surprising that 
PFs of the three samples are all negatively associated with T, because S and σ both have 
already been proved to show a declining curve. 
Remarkable enhancement of PF can be observed in the as-fabricated nanoplates. The 
maximum value of S2σ is about 34.17 x 10-4 Wm-1K-2 (x = 1.5, 300 K), which is almost 1.75 
times as large as the PF of Bi2Te3. At 320 K, the PF of Bi0.5Sb1.5Te3 reaches 32.5 x 10-4 
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Wm-1K-2, compared to 30.95 x 10-4 Wm-1K-2 for Bi0.5Sb1.5Te3 synthesized by Seo et al. 
through BM56. The synergetic improvements of S (increased by 42%) and σ (decreased by 
16%) eventually lead to a 64% enhancement in PF at 320 K.  
From Section 4.2.1 and Section 4.2.2, it has already been demonstrated that Bi0.5Sb1.5Te3 
has higher S while Bi0.4Sb1.6Te3 has higher σ. This finally results in the slightly larger PFs of 
Bi0.5Sb1.5Te3 at all temperatures (300-450 K). As a result, higher doping level does not 
necessarily mean better TE performance. There should be a best doping level, apart from 
which no other level can lead to more optimized TE parameters. To the author’s best 
knowledge, this level should be x = 1.5, as proved by our experiments and many other studies 
(refer to Table 1). This finding is consistent with the ZT maximization compromise discussed 
in Section 2.2.  
To sum up, the improvement of PF is significant and exceeds the author’s expectation. The 
large PF is partly due to quantum confinement effect induced by nanostructuring. On the other 
hand, a large density of charge carriers have been introduced through doping, which also 
facilitates the significant improvement of PF.  
4.2.4. Thermal conductivity (κ) 
The as-fabricated nanoplates have been proved to possess superior PFs in the previous 
section. Besides large PF, low κ is another precondition for high ZT. Figure 23(d) displays the 
thermal conductivity curves of Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3. The results are positive 
as expected. 
The overall κ of Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3 is significantly lower than that of binary 
Bi2Te3. The best κ (0.71 Wm-1K-1) has been found in Bi0.5Sb1.5Te3 at 320 K and 340 K, which 
is 17% lower than the κ reported by Zheng et al. at 340 K49. On the other hand, the κ of Bi2Te3 
at 320 K is almost 1.23 times higher than that of Bi0.5Sb1.5Te3. The main reason for the 
declined κ is that phonon scattering in Bi2-xSbxTe3 nanoplates has been greatly strengthened. 
At the atomic scale, anti-site defects induced by Sb doping have disturbed the transmission of 
high-frequency phonons. In addition, phonons with medium-to-low frequencies have also 
been sufficiently scattered since the as-fabricated nanoplates are extremely thin and possess 
finer grains. As a result, κL has been vastly suppressed to minimize κ. 
Based on the work of Zhang et al.6, the difference in κ between Bi0.5Sb1.5Te3 and 
Bi0.4Sb1.6Te3 can also be well explained. In their study, κL of Bi0.5Sb1.5Te3 and Bi0.4Sb1.6Te3 
have been shown to be nearly identical. Thus, according to equation (5) (Section 2.2), the 
difference of κ discovered in our samples should be mainly due to the difference of κe. And κe 
can be defined by: 
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𝜅𝜅𝑒𝑒 = 𝐿𝐿𝜎𝜎𝑍𝑍 (22) 
from which we can see κe is proportional to σ.6 In Section 4.2.2, it has been found that 
Bi0.4Sb1.6Te3 possess larger σ. Thus, it should also possess larger κe than Bi0.5Sb1.5Te3, which 
clarifies why the overall κ of Bi0.5Sb1.5Te3 is slightly lower than the κ of Bi0.4Sb1.6Te3 in our 
results. 
4.2.5. Dimensionless figure of merit (ZT) 
Since our as-fabricated nanoplates possess high PF and low κ, the value of ZT has been 
greatly enhanced as shown in Fig. 24. While the average ZT of Bi2Te3 is around 0.8 near room 
temperature, ZTs of Bi0.5Sb1.5Te3 and Bi0.4Sb1.6Te3 have reached the value far exceeding 1.2. 
The best ZT we get is 1.46 when x = 1.5 at 320 K, which is 76% higher than that of Bi2Te3. 
This value is also comparable to the average ZT (around 1.5) of nanostructured Bi2-xSbxTe3 
ternary systems reported in the current laboratory work (refer to Table 1).  
Figure 24. ZT values of Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3. 
In view of the remarkably enhanced ZT value, our results have demonstrated the 
effectiveness of building nanostructured ternary systems in TE performance optimization. By 
doping and nanostructuring, PF and κ can be synergistically improved due to well-defined 
microstructures and intensive phonon scattering. What is more, this kind of system is 
relatively stable and economical, which is more suitable for large-scale production.  
Although our experiments have shown positive outcome, the results are still not good 
enough to be called “breakthroughs”. Compared with the highest ZT (1.86)50 of 
nanostructured Bi2-xSbxTe3 publicly reported so far, our experiments obviously require further 
improvement measurements. According to sample characterisation, it has been found that our 
samples have a certain amount of impurities, which means additional treatment techniques 
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and more precise control are needed. In addition, despite that the ZT value of Bi2Te3 has been 
raised at elevated temperature, the best TE performance of the as-fabricated Bi2-xSbxTe3 
nanoplates is still limited within a low temperature range from 300 K to 350 K, so the adverse 
impact of bipolar effect remains as a problem in our study.  
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5. Conclusion and Recommendation
This thesis project focuses on improving the dimensionless figure of merit, ZT, of Bi2Te3 to 
promote its more extensive applications in power generation. By examining a considerable 
amount of literature, it is found that the main challenge of ZT maximization occurs when 
enhancing interrelated TE parameters. What is more, the feasibility of current Bi2Te3-based 
TE materials is limited by a narrow temperature range, which is also a problem we want to 
solve in our experiments. By the end of the project, Sb-doped ternary nanoplates with superior 
TE performance have been fabricated. Our products possess higher PF and lower κ, leading to 
a superior ZT value. The maximum ZT value of 1.46 has been achieved in Bi0.5Sb1.5Te3 
nanoplates at 320 K, which is 1.76 times as large as the ZT of Bi2Te3. Furthermore, the TE 
efficiency of Bi2Te3 has also been raised by 43% at relatively high temperature (≥ 430 K). 
Therefore, nanostructured ternary systems have been proved to be highly effective in 
designing high-performance TE materials.  
The research methodology of this thesis project has taken full advantage of the combined 
effect of doping and nanostructuring. The rationale behind this methodology comes from the 
author’s review of current research, in which nanostructured ternary systems turn out to be 
better TE materials than binary Bi2Te3 (refer to Fig. 16). In order to produce such systems, 
solvothermal synthesis and SPS have been carried out. Solvothermal synthesis is a simple and 
clean fabrication technique that guarantees better grain morphology. On the other hand, SPS 
strictly controls grain growth during densification so that TE properties of the sample can be 
well maintained.  
The as-fabricated samples have been characterised and measured for result analysis. Their 
SEM, TEM and HRTEM images have demonstrated that our products are in the desired form. 
Although impurities have been observed in the hexagonal nanoplates, their amount is within 
an acceptable level. The relationships of S, σ, PF, κ, ZT with T have subsequently been plotted 
for Bi2Te3, Bi0.4Sb1.6Te3 and Bi0.5Sb1.5Te3, respectively. Variations and tendencies of these 
parameters are generally consistent with our expectations. At last, it is found that our 
methodology benefits the ZT value in two aspects. Firstly, it induces quantum confinement 
effect and enhances n. Secondly, it introduces a full-scale phonon scattering system into 
Bi2Te3 to minimize κ.  
In general, this thesis project has progressed smoothly, and all the intended goals have been 
successfully achieved. By building nanostructured ternary systems through doping and 
nanostructuring, this project has come up with a promising methodology to improve the TE 
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performance of Bi2Te3. However, there are also aspects where improvements are needed. First 
of all, it is highly recommended to process the nanostructured ternary systems by some other 
treatment techniques, such as hydrogen annealing or hot extrusion, to see if impurities in the 
sample can be eliminated. Secondly, only p-type materials with limited doping levels (x = 0, 
1.5, 1.6) have been studied in this project, so future work can be done to examine more 
doping levels to determine the best doping contents for both n-type and p-type materials. In 
addition, our as-fabricated nanoplates still cannot completely get rid of the negative influence 
caused by bipolar effect, which calls for further research effort.  
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